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Managing fire-prone forests in t United States
Reed F Noss1, Jerry F Franklin2, William L Baker3, Tania Schoennagel4, and Peter B Moyle5
The management of fire-prone forests is one of the most controversial natural resource issues in the US today particularly in the west of the country. Although vegetation and wildlife in these forests are adapted to fire, historical range of fire frequency and severity was huge. When fire regimes are altered by human activity, m effects on biodiversity and ecosystem function are unavoidable. We review the ecological science releva developing and implementing fire and fuel management policies for forests before, during, and after wildfir Fire exclusion led to major deviations from historical variability in many dry, low-elevation forests, but not i other forests, such as those characterized by high severity fires recurring at intervals longer than the period active fire exclusion. Restoration and management of fire-prone forests should be precautionary, all mimic natural fire regimes as much as possible, and generally avoid intensive practices such as post-fire loggin and planting. Front Ecol Environ 2006; 4(9) : [481] [482] [483] [484] [485] [486] [487] The management of fire-prone forests, especially within the national forests of the west, is one of the most contentious natural resource issues in the US today.
One recent response to the controversy is the Healthy Forests Restoration Act (HFRA) of 2003 (Public Law 108-V148). This law has potentially profound conse?
quences for forests and their biodiversity and must there? fore be implemented on the basis of the best scientific information and guidance. Towards this end, the North American Section of the Society for Conservation Biology convened a scientific panel to review issues related to the ecology and management of fire-prone forests of the western US. This article is adapted from the unpublished report of that panel (Noss et al 2006a) .
The vegetation of North America has been shaped by In a nutshell:
? The complexity created by variability in fire regimes defies a one-size-fits-all management prescription ? Restoration is warranted where fire exclusion has led to substantial alterations in ecosystem qualities ? Post-fire logging usually has no ecological benefits and many negative impacts; the same is often true for post-fire seeding ? Although many forests will require continued management, a common sense conservation goal is to achieve forests that are low maintenance and require minimai repeated treatment department of Biology, University of Central Florida, Orlando, FL 32816 (rnoss@mailucf.edu); 2College of Forest Resources, over the past century by misguided fire management, as well as other impacts such as logging and livestock grazing. Uncharacteristic fuel loads contribute to altered fire regimes in some forest types (Covington and Moore 1994; Schoennagel et al. 2004) . Key structural elements (eg old "veteran" trees), terrestrial and aquatic biodiversity, and habitats of many threatened and endangered species are already greatly diminished and at continuing risk of loss. Increased human habitation of wildlands has intensified problems of managing fire, especially at the wildland-urban interface (Dombeck et al. 2004) .
For this paper we evaluated the scientific literature that is relevant to conservation, restoration, and management of forests in the western US (excluding Alaska). Our review addresses ecological science relevant to develop? ing and implementing fire and fuel management policies, including activities conducted before, during, and after wildfires. Our focus is primarily on wildlands, rather than the wildland-urban interface, where ecological values may be secondary to fire-risk mitigation to protect people and homes (DellaSala et al. 2004) . In wildlands espe? cially, sustainable forest management must be based on well-grounded ecological principles. (Hutto 1995 Covington et al. 1997; Agee 1998 ignition sources (Schoennagel et al. 2004 ). Forests subject to high severity fire typically support high tree densiignition source is present, the resulting fires can spread rapidly and are almost impossible to suppress. High sever? ity fires kill most or all trees in substantial portions of the burn, although fire pattern is often a mosaic that includes areas of unburned or less severely burned forest ( Figure  2 ). This is true in such diverse forests as productive coastal Douglas-fir (Pseudotsuga menziesii; Agee 1993) and low productivity, high elevation lodgepole pine (Westerling et al 2003) , often related to broad-scale climatic anomalies (Gedalof et al 2005) . Fire exclusion has had minimal effect on most forests characterized by high severity fire -a fact that is especially relevant to fire policy. High severity fires are infrequent (from one to many centuries; Romme and Despain 1989; Agee 1993; Kipfmueller and Baker 2000) , whereas the period of active fire exclusion in North America is 50 years at most. Furthermore, many of these forests are remote and occur at high elevations, making access for fire fighting difficult.
In contrast, dry, less productive forests may have annual droughts that promote frequent fires. As a consequence of lower productivity and higher fire frequencies, fuel accumulations and fire intensities are characteristically lower in such forests than in coastal or subalpine forests. Lowseverity fire regimes characterized many pine and mixedconifer forests at warm, dry sites prior to European settlement (Table 1) . Fires in ponderosa pine and dry, ities following European settlementincluding fire exclusion, grazing, logging, and tree planting -dramatically modified the fuel structure in these forests. Grazing reduced the fine fuels that carry surface fires and facilitated dense tree reproduction by reducing or eliminating herbaceous competition (Rummell 1951; Savage and Swetnam 1990; Belsky and Blumenthal 1997) .
Logging also promoted higher stand densities in many dry ponderosa pine forests by stimulating dense natural regeneration (Agee 1993; Kaufmann et al. 2000) . These forests therefore changed from relatively open stands with low fuel loadings to dense stands that can carry crown fires (Skinner 1995) . Restoration of such forests (ie guiding their composition, structure, and function to a condition within the historical range of variability) is often desirable ( Figure 3 ) and can involve active techniques such as thinning of small trees and prescribed burning or passive management such as allowing natural fires to burn and removing livestock (Allen et al. 2002; 2004; Schoennagel et al. 2004) . Large wildland land?
scapes are especially well-suited to passive restoration (Nossetal. 2006b).
Fire is variable in severity in certain mid-and low-elevation forests of moderate to high productivity. In addition to the effects of shifts in the weather during a fire, variable fire severity can result from spatial heterogeneity in topography (which affects microclimate), the relative abun? dance of fuels, and the legacies of past episodes of fire and other disturbances. Topographically complex mountain landscapes may be especially prone to mixed severity fire, because drier, south-facing slopes with lower fuel loads may burn at low severity while adjacent, moister, northfacing slopes that support higher tree densities experience high severity fire (Taylor and Skinner 2003; Spies et al. 2006 ) or escape fire due to wetter conditions. Evidence of mixed severity fire in moist ponderosa pine forests and mixed evergreen-conifer forests is accumulating (Shinneman and Baker 1997; Brown et al. 1999; Odion et al. 2004 ). The inherent variability of mixed-severity fire regimes precludes easy analysis of fire-exclusion effects, because high tree density or an abundance of shade-tolerant trees is not necessarily the result of fire exclusion.
The complexity created by variability in fire regimes defies a simple, one-size-fits-all prescription for restora? tion. Fortunately, plant association groups, which have predictable relationships to fire regimes ( 
2004; PierceetaL 2004).
? Forest management prior to wildfire How can forests be managed to ensure that fire will play its characteristic role in maintaining composition, struc? ture, and function of forest ecosystems? Management will vary greatly with the type of forest and its dominant fire regime (Table 1) . Developing a management and restora? tion program requires that the effects of past land uses be identified so that they can be remedied. In forests charac?
terized by low-severity fire regimes, restoration varies along a continuum from restoring structure (eg reducing densities of small trees and increasing the density of large trees) to restoring the processes (eg low severity fire, competition between grasses and tree seedlings) that cre? ate and maintain that structure (Figure 4) . The contin? uum also represents a gradient from symptoms (eg uncharacteristically high tree densities) to causes (eg exclusion of fire). The following are some of our key findings that relate to decisions about fire management. (1) Fire exclusion and other human activities led to significant deviations from historical variability in some, but not all, forests. Restoration treatments are warranted, sometimes urgently, only where such activities have resulted in major alterations in ecosystem structure, function, or composi? tion. (2) Fire exclusion has had little effect on fuels or forest structure in forests characterized by high severity (standreplacement) fire. High severity fires are relatively infrequent, occurring at intervals of one to many centuries, www.frontiersinecology.org ^y given the documented negative ecological impacts of fire suppression during the 20th century. Responses to fire must take into consideration many ecological and social factors, beginning with the nature of the forest type and societal goals.
Our findings indicate that allowing fires to serve their natural role is ecologically beneficial. Although fire must be managed when close to human infrastructure, in many wilderness areas, national parks, and large areas of public land there is opportunity to increase the use of wildland fire. Such management benefits species that require the shifting mosaics of post-fire habitats found in natural landscapes (Smucker et al 2005) . Furthermore, fire sup? pression may be ecologically warranted in some cases, particularly where special values are at risk. For example, it may be appropriate where habitat of critically imperiled species could be lost, where uncharacteristic fuel accumu- sity, measured as number of species -at least of higher plants and vertebrates -is often highest following a natural standrenlacement disturbance and before redevelopment of closed-canopy forest (Lindenmayer and Franklin 2002) . Important reasons for this include an abundance of biological legacies, such as living organisms and dead tree structures, the migration and establishment of additional organisms adapted to the disturbed, early-successional environment, availability of nutrients, and temporary release of other plants from dominance by trees. Currently, early-successional forests (nat? urally disturbed areas with a full array of legacies, ie not subject to post-fire logging) and forests experiencing nat? ural regeneration (ie not seeded or planted), are among the most scarce habitat conditions in many regions.
Our key findings on post-fire management are as follows. First, post-burn landscapes have substantial capac? ity for natural recovery. Re-establishment of forest fol? lowing stand-replacement fire occurs at widely varying rates; this allows ecologically critical, early-successional habitat to persist for various periods of time. Second, nost-fire (salvaee) loemne does not contribute to ecological recovery; rather, it negatively affects recovery processes, with the intensity of impacts depending upon the nature of the logging activity (Lindenmayer et al. 2004) . Post-fire logging in naturally disturbed forest landscapes generally has no direct ecological benefits and many potential negative impacts (Beschta et al. 2004; Donato et al. 2006; Lindenmayer and Noss 2006 ing of natural disturbance regimes and short-and long-term regeneration processes. Third, in forests subjected to severe fire and post-fire logging, streams and other aquatic ecosystems will take longer to return to historical conditions or may switch to a different (and often less desirable) state altogether (Karr et al 2004) . Following a severe fire, the biggest impacts on aquatic ecosystems are often excessive sedimentation, caused by runoff from roads, which may continue for years. Fourth, post-fire seeding of non-native plants is often ineffective at reducing soil erosion and generally damages natural ecological values, for example by reducing tree regenera? tion and the recovery of native plant cover and biodiver? sity (Beyers 2004 www.frontiersinecology.org ^g with native species, reducing both native plant diversity and cover (Keeley et al 2006) . Fifth, the ecological importance of biological legacies and of uncommon, structurally complex early-successional stands argues against actions to achieve rapid and complete reforestation. Re-establishing fully stocked stands on sites charac?
terized by low severity fire may actually increase the severity of fire because of fuel loadings outside the histor?
ical range of variability. Finally, species dependent on habitat conditions created by high severity fire, with abundant standing dead trees, require substantial areas to be protected from post-fire logging (Hutto 1995 One barrier to better use of ecological science is that individuals involved in developing fire policies and prac? tices have tended to be specialists in fire and fuel man? agement, not ecologists, conservation biologists, or other broadly trained scientists. It is not surprising, therefore, that current forest law does not adequately incorporate ecological considerations in its implementation and tends to promote a narrow definition of restoration that focuses almost exclusively on fuels (DellaSala et al. 2004; Schoennagel et al. 2004) .
True ecological restoration requires the maintenance of ecological processes, native species composition, and forest structure at both stand and landscape scales.
Because forests are highly variable over space and time, few universal principles exist for integrating insights from ecology and conservation biology into fire manage? ment policies. Nevertheless, one fundamental principle is that managed forests should not only support the desired fire regime but also viable populations of native species in functional networks of habitat (Hessberg et al 2005) . A common-sense conservation goal is to achieve forests that are low maintenance and require minimal repeated treatment. With time, in a landscape of sufficient size, the right end of the restoration continuum (Figure 4 ) could be reached, where natural fire maintains the system in the desired state. Indeed, wildland fire use is the cheapest and most ecologically appropriate policy for many forests. We envision a future where fire is seen by land managers and the public as the key to healthy forests, but where each forest and each patch of the for? est mosaic is recognized for its individuality and man? aged accordingly. Above all, a guiding principle of forest management should be a precautionary approach that avoids ecological harm. 
